The lateral line of ®sh and amphibians is a sensory system that comprises a number of individual sense organs, the neuromasts, arranged in a de®ned pattern on the surface of the body. A conspicuous part of the system is a line of organs that extends along each¯ank (and which gave the system its name). At the end of zebra®sh embryogenesis, this line comprises 7±8 neuromasts regularly spaced between the ear and the tip of the tail. The neuromasts are deposited by a migrating primordium that originates from the otic region. Here, we follow the development of this pattern and show that heterogeneities within the migrating primordium pre®gure neuromast formation. q
Introduction
The lateral line is a mechanosensory system present in ®sh and amphibians (Schulze, 1870; Stone, 1933 Stone, , 1937 . The individual sense organs, called neuromasts, are made of a ring of support cells surrounding a central cluster of sensory hair cells, indistinguishable from those present in the ear (Fritzsch, 1988; Kornblum et al., 1990) . Neuromasts are arranged on the body surface in reproducible, speciesspeci®c patterns.
The lateral line comprises two major components: the anterior lateral line (ALL) which includes the neuromasts present on the head, jaw and opercle and its sensory neurons form the ALL ganglion, rostral to the ear, and the posterior lateral line (PLL) which includes the neuromasts on the trunk and tail and its sensory neurons form the PLL ganglion, caudal to the ear.
Both the ALL and the PLL comprise several branches. The major branch of the PLL, called the lateral or midbody branch (L-PLL), runs from head to tail along each side of the ®sh. By the end of embryogenesis, this line shows a very simple pattern of seven (sometimes eight) regularly spaced neuromasts Metcalfe, 1989) , with a distance of about ®ve somites between consecutive organs.
The mechanisms that underly the generation of this pattern are not known, yet its simplicity and reproducibility make it an appealing system for the analysis of pattern formation.
The embryonic L-PLL derives from a primordium which forms just caudal to the otic vesicle. This primordium begins to migrate caudally along the horizontal myoseptum at about 20 h of development (Metcalfe, 1985; Kimmel et al., 1995) . During its migration, the primordium deposits clusters of cells at regular intervals, each of which will eventually differentiate as a neuromast. The migration is complete at about 42 h, and the latest neuromasts are fully differentiated 6 h later, giving rise to the embryonic pattern of primary neuromasts.
Here, we investigate the establishment of the L-PLL, and we show that heterogeneities in patterns of gene expression de®ne the prospective neuromasts several hours before they are deposited by the primordium.
Results

The L-PLL primordium
At the onset of migration, the primordium of the lateral branch of the posterior lateral line (L-PLL) lies posterior to the otic vesicle as a broad stripe of round, small cells just under the epidermis (Kimmel et al., 1995) . The cells are about 7 mm in diameter and can easily be distinguished by www.elsevier.com/locate/modo their size and shape from the surrounding cells (Fig. 1) . The primordium is about 4±5 cells wide and 20±25 cells long initially, extending over 2±3 consecutive somites.
We followed the migration of the primordium by timelapse micrography of anaesthetized embryos for periods of 2±6 h. Migration begins at about 20 h after fertilization, by the end of somitogenesis (Kimmel et al., 1995) . The primordium migrates along the horizontal myoseptum over most of its journey, but shifts to a more ventral course in the posterior-most stretch, starting at about somite 30 (Fig. 1B,C) . The sensory growth cones that are associated with the primordium (Harrisson, 1904; Metcalfe, 1985; Gompel et al., 2001 ) follow this ventral course as well (Fig. 1D) .
Time-lapse analysis shows that the primordium does not move as a solid block of cells, but that each cell migrates independently of the others, occasionally slowing down or speeding up relative to its neighbours (e.g. cells 31 and 44, respectively, Fig. 1A ). These are but small¯uctuations, however, and in the long run, all cells of the primordium very much keep their relative positions. The number of cells in the primordium is somewhat variable. Early in its migration and before the deposition of the ®rst proneuromast, the primordium comprises about 100 cells (actual counts were 92, 97, 99, 112 and 124) . This number decreases as groups of about 24 cells are deposited to found one neuromast each. The number of cells in the primordium may also decrease independently of proneuromast deposition, as we occasionally observed cells of the The panels show three images from a time-lapse video movie taken at a rate of one frame every min. Under each image, a sketch shows the positions of individual cells. One cell (number 45) is indicated by an asterisk both in the drawings and in the micrographs. Some cells cannot be identi®ed in individual frames, but their movement and positions can easily be traced from the movie. The progeny of the cells that divided during the timelapse are labelled`a' and`b', e.g. cells 9a and 9b are the progeny of cell 9. In all ®gures, anterior is to the left and dorsal is up, and the PLL primordium is therefore migrating from left to right. (B±E) Migration and deposition of the terminal neuromasts. (B) At the level of somite 28±30, the primordium (outlined with black dots) leaves the horizontal myoseptum (white dashed line) to follow a more ventral course. (C) At the level of the last somite (somite 34 in this ®sh), the primordium migrates along the ventral edge of the tail. (D) The growth cone of the neuron that will innervate the terminal neuromasts co-migrates with the primordium. (E) About 2 h after reaching the last somite, the primordium stops migrating and splits into two masses corresponding to the terminal neuromasts. Panels (B) and (C±E) correspond to two different embryos. L6 and L7: terminal proneuromasts. Scale bars, 25 mm.
primordium going astray and exiting the primordium. We do not know what will be the ultimate fate of such cells. We have not observed evidence of apoptotic cells in our time-lapses, and have not further examined whether cell death plays any role in the regulation of primordium size as it does later in differentiated neuromasts (Williams and Holder, 2000) .
New cells are provided by mitoses, which can occasionally be observed in time-lapses (Fig. 2) at a rate of about 2±4 mitoses/h. The increase in the number of cells does not completely compensate for cell loss due to proneuromast deposition, however, as the size of the primordium may decrease to 50 cells or less after deposition of the ®fth neuromast. Thus, while there seems to be some regulation of primordium size, this regulation is far from precise.
The proneuromasts
During its migration, the primordium deposits seven or sometimes eight groups of undifferentiated cells, each of which will eventually give rise to a fully differentiated neuromast. We will call these groups`proneuromasts'. The proneuromasts differentiate during the next few hours, such that 6 h after deposition, several hair cells can be detected both morphologically, based on the presence of long hair bundles, and functionally, based on the intake of 4-(4-diethylaminostyryl)-N-methylpyridinium iodide (DiAsp). The neuromasts are numbered L1, L2... from anterior to posterior, according to their order of appearance.
The number of cells in proneuromasts ranges from 18 to 37, with an average value of 24 cells (1341 cells for 56 proneuromasts counted). We did not observe signi®cant differences in size between proneuromasts L1, L2 and L3. The size of the neuromasts and the number of hair cells within each neuromast progressively increase at later stages.
Proneuromasts L1±L5 are deposited along the horizontal myoseptum, usually at the boundary between consecutive somites. Neuromast deposition is initiated by the slowing down of a group of cells at the trailing edge of the primordium (Fig. 1A , lower panel). As the other cells keep on migrating at the same rate, this results in a thinning out of the primordium between the slow cells and the others (Fig.  3A) until the proneuromast cells become completely separated from the primordium. The slowing down of the cells is progressive, such that the proneuromast splits from the primordium about two somites posterior to the position where the ®rst sign of separation was observed. The positions of the cells relative to their neighbours is largely conserved from primordium to proneuromast (Fig. 1A) .
The proneuromasts continue to migrate after they have been deposited, so that they end up one or two somites caudal to the position at which they split from the primordium. This observation was con®rmed by injecting zygotes with caged uorescein and irradiating a proneuromast (and the underlying somites) shortly after it had split from the primordium (Fig. 3B , irradiated region shown by the dotted outline). The next day, the proneuromast was found two somites posterior to the position where it had been labelled ( Fig. 3C ).
The deposition of the terminal proneuromasts is somewhat different not only because it does not occur along the myoseptum (Fig. 1C) or at a boundary between somites, but also in that two proneuromasts seem to form simultaneously. When the primordium reaches the tip of the tail, it stops migrating and splits into two clusters corresponding to the terminal neuromasts (L6 and L7, Fig. 1E ). Sometimes proneuromast L6 is deposited before the primordium reaches the tip of the tail (e.g. Fig. 5B , right side), in which case, there may still be two terminal neuromasts. In rare cases, neuromast L5 is deposited close to the tip of the tail, and only one terminal neuromast is formed. Thus, the total number of neuromasts is 7^1.
In order to determine whether the glial cells that surround the axons also originate from the primordium, we labelled the trailing edge of the primordium just after the deposition of the ®rst proneuromast. On the next day, we observed a trail of labelled cells extending from the site of irradiation up to the next neuromast, L2, as well as a few labelled cells in the latter (Fig. 3D ).
Variability in the position of individual neuromasts
We examined whether the deposition of the proneuromasts occurs at ®xed positions along the body axis by measuring the position of the ®rst ®ve neuromasts in 63 embryos (Fig. 4A) . The actual position occupied by each neuromast varies around the average value by more than one somite. Such variation is observed not only between embryos, but also between the two sides of the same embryo.
The variation of neuromast positions increases markedly along the antero-posterior axis (Fig. 4A ). When we plot the variation in somite position in terms of the distance between two consecutive neuromasts, however, we observe that the distribution is identical for all pairs of neuromasts, irrespective of their position on the antero-posterior axis (Fig. 4B ). This result strongly suggests that the position of each neuromast depends on the position of the previous one, and therefore, that which is being measured is the interval between consecutive neuromasts rather than their absolute position. This mechanism will indeed result in the progressive increase in the deviations from the average position observed in Fig. 4A , due to a cumulative effect of the imprecision on each interval.
Do proneuromasts inhibit deposition?
We explored the possibility that the spacing between , at the boundary between somites 3 and 4, was brie¯y UV-irradiated to activate caged¯uorescein that had been injected in the zygote. This region includes most of proneuromast L1, which has already separated from the primordium. The next day (C),¯uorescein is found in the somites that have been irradiated, as well as in neuromast L1 which has further migrated caudalward and has settled at the anterior margin of somite 6. (D) Nerve sheath cells originate from the primordium. Uncageing of the trailing edge of the primordium at the level of somite 6 reveals, on the next day, a trail of putative glial cells around the nerve, as well as a few cells in neuromast L2 which has formed at the anterior edge of somite 12. Scale bars: (A±C), 50 mm; (D), 100 mm.
neuromasts is de®ned by a long range inhibitory mechanism whereby once a proneuromast is deposited, it would prevent the deposition of another one over an average distance of ®ve somites. In this view, the presence of a neuromast would be required to inhibit the deposition of a new cluster of cells in its vicinity, and one would predict that if a proneuromast is killed, the deposition of the next one should occur sooner than normal. We tested this possibility by UV killing, given proneuromasts at or shortly after the time they were deposited (n 20). We used a rate of UV-irradiation that ensured the death of all cells of the proneuromast (as shown by high refringence and extrusion of the cells) less than 20 min after irradiation, and we examined the pattern of neuromasts the next day.
We irradiated proneuromasts that were separated from the primordium by about one somite length, as illustrated Fig. 5A . On the next day (Fig. 5B,C) , no neuromast was detected at the position of the irradiated proneuromast (asterisk), as expected. The pattern of the remaining neuromasts was entirely normal (Fig. 5B , compare the positions of the neuromasts on the experimental (left) side with the positions on the other side).
We also irradiated proneuromasts that had not yet fully separated from the primordium, as in the case shown in Fig.  3A . In this case, again, we observed the expected disappearance of the irradiated proneuromast (Fig. 5E , the scar resulting from the irradiation can be seen just above the asterisk), but the pattern was not otherwise affected (Fig. 5D,E) . These results make it unlikely that the pattern is due to an inhibitory in¯uence emanating from the deposited proneuromasts.
Partitioning the primordium
In the course of a large in situ hybridization screen intended to identify genes with an expression that is spatially regulated during embryogenesis (C.T. and B.T., unpublished data) we have identi®ed two genes that are speci®cally expressed in the lateral line primordia at 24 and 36 h after fertilization. One gene (CB701) is expressed in a doughnut pattern in the proneuromasts, with the cells at the periphery (presumptive support cells) being strongly labelled, while the cells at the centre (presumptive hair cells) show weak or no expression (Fig. 6B ). This pattern of expression is retained in the fully differentiated neuro- masts (Fig. 6A) . The other gene, CB403, has a similar pattern of expression in the proneuromasts, but the expression is much more transient and disappears before overt differentiation of the hair cells (Fig. 6D) .
Domains of heterogeneous expression comprising a labelled surround and unlabelled centre are also observed within the primordium, where they de®ne`pre-proneuromasts' (Fig. 6B±D) . This pattern was observed in all embryos examined (n 16 and 18, respectively for the markers CB701 and CB403). In most cases, a single domain is present in the trailing half of the primordium, but in some cases, two pre-proneuromasts can be seen within the primordium (Fig. 6C) . Gene expression is homogeneous within the leading half of the primordium (dotted outline). This unpatterned expression is weak in the case of CB701, but strong in the case of the transient marker CB403.
Since, in some cases, two pre-proneuromasts are detectable within the primordium, we estimate that pre-proneuromasts are de®ned 6±8 somites, i.e. up to 5 h, before deposition takes place.
Discussion
The migrating primordium
We examined the origin of the simple pattern of neuromasts formed along the horizontal myoseptum by the end of zebra®sh embryogenesis. These neuromasts are formed by a Fig. 5 . Effect of neuromast ablation. (A±C) UV-irradiation of a proneuromast shortly after it has been deposited by the primordium. (A) At the time of irradiation, proneuromast L2 was just reaching the anterior edge of somite 12, while the primordium was extending over somites 13 and 14. In this picture, taken a few minutes after irradiation, the ®rst signs of UV-damage can be seen in the region surrounding proneuromast L2. Note that the cells at the trailing edge of the primordium already de®ne proneuromast L3 (pL3, see Fig. 6 ). (B,C) On the next day (78 h after fertilization), neuromast L2 is absent (asterisk), but the other neuromasts form a normal pattern. The low magni®cation micrograph allows one to compare the position of the neuromasts on the experimental (left) side and on the control (right) side. The neuromasts on the right side are labelled L1r, L2r,... termr. L H : the ®rst neuromast of the secondary (post-embryonic) wave, which does not depend on the primary primordium. (D,E) UV-irradiation of proneuromast L2 when it was still attached to the trailing edge of the primordium, as in Fig. 4A . The scar can be detected in panel (E) (just above the asterisk). The positions of the remaining neuromasts are well within the normal range. Scale bars: (A), 50 mm; (B±E), 250 mm.
primordium that migrates from a cranial placode to the tip of the tail (Stone, 1933; Kimmel et al., 1995) . We have observed that, in spite of short-term variations in their speed and course, the cells of the primordium migrate in a coherent way and retain their relative positions over long distances, even when they undergo a mitosis during their journey. The simplest interpretation of their behaviour is that they move at a constant rate along a stripe of preferred adhesion, as has been demonstrated for the oriented migration of retinal growth cones in Xenopus (Harris, 1989) .
It has been suggested that the sensory axons that comigrate with the primordium (Harrisson, 1904; Metcalfe, 1985) are guided by the expression of semaphorin by the dorsal and ventral axial muscles (Shoji et al., 1998) . Semaphorin is not expressed at the level of the myoseptum, due to a repressing effect of the notochord, and could act as a repellent to constrain the growing axons to the myoseptal semaphorinfree stripe. Since axons and primordium co-migrate even in abnormal situations (Shoji et al., 1998) , semaphorin should also direct the migration of the primordium. This appears unlikely, however, since the primordium itself expresses semaphorin at its anterior edge (Yee et al., 1999) . Furthermore, both primordium and axons leave the myoseptum to follow a more ventral course at the level of somites 28±30 (Fig. 1C,D) , although neither the notochord nor the semaphorin-free stripe (Yee et al., 1999) show a similar bend. Thus, factors other than semaphorin must control the migration of both primordium cells and sensory growth cones.
Neuromast position
If the pattern of neuromast deposition was determined by local cues, we would expect the variations in actual positions to be similar at all sites. We observed that this is not the case: the distribution of neuromast positions widens markedly from the ®rst to the ®fth neuromast, suggesting that the imprecision is cumulative. For the most posterior neuromasts, this cumulative imprecision leads to an overlap of the range of positions of consecutive neuromasts (Fig.  4A) , showing that neuromasts can form at any position in the posterior half of the body. These observations are inconsistent with the hypothesis that local cues determine neuromast deposition.
The cumulative imprecision in neuromast position could be easily understood if the deposition of one neuromast depends on the position of the previous one. When we measure the distance between two consecutive neuromasts, we observe indeed that the variation in this distance is very similar for all pairs of neuromasts. We conclude that the L-PLL pattern is based on spacing rather than on position. A spacing mechanism also accounts for the less usual patterns occasionally observed in embryos. Besides the common pattern comprising ®ve neuromasts along the myoseptum and two terminal neuromasts, there may sometimes be a sixth neuromast prior to the terminal ones (when the spacing distances are shorter than average) or, more rarely, there may be only four neuromasts prior to the terminal ones (when the distances are longer than average).
Neuromast spacing
The variability in the position and number of neuromasts supports the idea that the mechanism that generates the pattern is one of regular spacing, rather than one of position recognition. One possible means to generate regular spacing is lateral inhibition (Wigglesworth, 1940) . It could be that each neuromast exerts an inhibitory in¯uence preventing the primordium from depositing another group nearby. A new proneuromast will be deposited only once the primordium has exited the inhibitory ®eld. The size of this ®eld would, in effect, determine the distance between consecutive neuromasts. We tested this hypothesis by killing a proneuromast and examining the effect of this ablation on the next deposition. We observed no change in the pattern (except for the disappearance of the UV-irradiated neuromast). A direct inhibitory effect of extant neuromasts is therefore unlikely.
If the spacing mechanism is not based on physical distance, it is probably based on temporal distance. Thus, we propose that the deposition of one proneuromast takes place, on average, 3.5 h after the previous one has been deposited (at 28.58C). Given that the primordium migrates along the myoseptum at a constant rate of 1.5 somites/h (Metcalfe, 1985 ; and our own observations), this will result in the deposition of proneuromasts at intervals of about ®ve somites.
We have observed that the loss of migratory properties is progressive, such that the presumptive neuromast cells ®rst trail behind the primordium, then split away from it and eventually stop migrating completely. This progressive slowing down is similar for all cells of each cluster, as they retain their relative positions even during proneuromast deposition. Thus, there seems to be a community effect (Gurdon et al., 1993) , whereby a group of 20±30 cells undergo a simultaneous change in their migratory properties.
Primordium prepatterning
The heterogeneous labelling of the primordium by the CB701 and CB403 markers reveals that the primordium is dynamically prepatterned, and that clusters of cells corresponding to presumptive neuromasts are already de®ned within the primordium several hours before their deposition. This ®nding is entirely consistent with a recent report (Itoh and Chitnis, 2001) showing that the expression of the proneural gene, zath1, and of the neurogenic genes, notch3 and deltaA and B, are heterogeneous within the primordium and appear to correlate with the selection of hair cell fate in maturing neuromasts.
The partial sequence of the CB701 and CB403 probes suggests that the corresponding genes code for an epithelial glycoprotein potentially involved in cell adhesion and for a chemokine receptor, respectively (unpublished results). Thus, both genes are probably downstream of the proneural±neurogenic fate determination system, which would explain why we observe one or two`pre-proneuromasts' within the primordium, while Itoh and Chitnis observed 3±4 foci of zath1 and deltaA,B expression.
The local activation of zath1 in the primordium might be induced by an external factor, such as the sensory axons that co-migrate with the primordium. Considering the shape and position of the growth cones, however (Gompel et al., 2001) , this explanation appears unlikely. Thus, we favour the possibility that the partitioning of the primordium into 6±8 proneuromasts results from a process of metamerization intrinsic to the primordium, rather than from a response of primordium cells to external cues. Processes whereby a continuous strip of cells becomes progressively segregated into discrete clusters have recently been demonstrated in the case of the somitic mesoderm (Palmeirim et al., 1997; Pourquie, 2000) .
Experimental procedures
Neuromast labelling
Neuromast hair cells were labelled by incubating live dechorionated embryos or larvae in 5 mM`DiAsp' (Sigma D-3418; Collazo et al., 1994) in ®sh Ringer (Wester®eld, 1994) for 1±3 h. The distribution of neuromast positions was analyzed in 4-day-old ®sh labelled with DiAsp, using a combination of diascopy light (to count the somites) and episcopy¯uorescent light (to visualize the neuromasts) on a Zeiss FS Axioscop equipped with a 20£ neo¯uar 0.5 NA lens. Terminal neuromasts were excluded from this analysis because they form beyond the posterior-most somites in most embryos.
Fluorescent dextran labelling of the primordium cells
Twenty-four-hour-old embryos were anaesthetized in tricaine (0.5 mM MS222; Sigma A-5040; Wester®eld, 1994) in Ringer and transferred to a humid piece of lens cleaning tissue (Whatman 105, #2105841). Most of the liquid was removed, and a little injury was done at the level of the myoseptum, using a sharpened tungsten needle bearing a crystal of rhodamin±dextran on its tip as described in Alexandre and Ghysen (1999) . In some cases, the dye diffuses between cell membranes over the entire body, allowing the visualization of a variety of structures, including the cells of the primordium and proneuromasts. The view in Fig. 3A is part of a z-series acquired on a BioRad MRC 1024 confocal microscope equipped with a Nikon¯uor 40 £ /1.3 NA lens.
Labelling with caged¯uorescein
Zygotes at the 2±8 cell stage were pressure injected under a dissecting microscope with 2% dextran DMNB-caged¯uor-escein (10 000 MW; Molecular Probes D-3310) in a 0.2 mm ®ltered solution of 0.5 M KCl and 0.25% neutral red in water. Successfully injected (red-coloured) embryos were left to develop at 28.58C in tank water in a Petri dish wrapped in aluminium foil to avoid light induced uncageing.
At the desired stage, the embryos were anaesthetized, mounted in 3% methylcellulose and examined under Nomarski optics to determine the position of the primordium and/or proneuromasts. This was done with an orange ®lter in the diascopy light path, for prolonged observation under the intense white light required for Nomarski optics results in high background¯uorescence. Uncageing was performed by exposing the desired region to UV light for 200 ms, under a Zeiss 63£/0.9 NA water immersion objective. This level of UV-irradiation has no detectable adverse effect on primordium migration or neuromast differentiation. The diameter of the UV beam was determined by the size of the episcopy ®eld diaphragm. Using the 63£ objective and the diaphragm in the most closed position, a beam of 35 mm diameter was obtained.
Growth cone labelling
Individual neurons were labelled with Dextran±rhoda-mine (3000 MW, anionic, Molecular Probes D-3307) as described in Gompel et al., 2001 .
UV-irradiation of proneuromasts
Twenty-four-hour-old embryos were anaesthetized in tricaine as described above and mounted in 3% methylcellulose. Individual neuromasts were irradiated for 60 s using a 100 W HBO lamp with a DAPI-®lter set and a Zeiss 63 £ / 0.9 NA water immersion objective. Under these conditions, a proneuromast degenerates within 10±20 min, and no remnant can be detected the next day. After irradiation, embryos were left to recover in Ringer and allowed to develop until the neuromasts had differentiated.
In situ hybridization
In situ hybridizations were performed as described by Thisse and Thisse (http://z®n.org/zf_info/zfbook/chapt9/ 9.82.html).
Cell counting
Primordium cell counts were done on Nomarski images. This was not completely satisfactory in the case of the proneuromasts, where the outline is not always as sharply de®ned. Thus, we resorted to labelling with the CB702 or CB701 probes to count the number of cells in proneuromasts. The two markers gave very similar results, and were entirely consistent with the counts made on the best Nomarski images.
Microscopy and imaging
Embryos were examined either on a Nikon Microphot-FXA, equipped with a Princeton Pentamax camera driven by the IPlab Spectrum 3.1a (Signal Analytics Corp., Vienna, VA), or on a Zeiss Axioplan microscope equipped with a DAGE MTI camera controlled by NIH Image. Embryos processed for time-lapses were mount in 1.2% agar as described in Wester®eld, 1994 . Color images were taken with a Nikon numeric camera Coolpix 800, directly through the microscope eyepiece. Images were assembled using Adobe Photoshop 3.0.
